Seagrasses are a group of flowering plants that originated in the Cretaceous period and have evolved to live submerged in the marine environment (Larkum et al., 2006) . Around 72 species of seagrass form three families, Zosteraceae, Hydrocharitaceae, and Cymodoceaceae complex, within the order Alismatales (Short et al., 2011) and represent less than 1% of all flowering plant species (Les et al., 1997) . Morphologically, most seagrass species have long, strap-shaped leaves and grow in monospecific meadows resembling terrestrial grasses. Parallel evolution from a freshwater ancestor of terrestrial origin is believed to have occurred at least three times to form these seagrass lineages (Les et al., 1997) .
The survival of seagrasses in the marine environment is the result of successful adaptation to a range of abiotic stresses, mostly distinct from their terrestrial cousins. Seagrasses have horizontal rhizomes for effective anchorage under tidal currents, aerenchyma in roots and rhizomes to support growth in an anaerobic environment, and leaves with reduced cuticles and no stomata. Seagrasses also are adapted to the slow diffusion rate of CO 2 in seawater; some have evolved to utilize HCO 3 2 as a carbon source (Beer et al., 2002; Borum et al., 2016) , and they also have adapted to variable and low levels of light that attenuates quickly in seawater into blue or green wavelengths of the spectrum (Larkum et al., 2006) . Studies of gene (Dattolo et al., 2013 (Dattolo et al., , 2014 Salo et al., 2015) and protein (Mazzuca et al., 2009 ) expression, together with genome methylation signatures (Greco et al., 2013) of seagrasses in response to differing light conditions, revealed the differential expression of genes for protein turnover and enzymes related to cellular stress and photosynthesis. Salt tolerance mechanisms in seagrass are of particular interest due to their potential to be applied to improve salinity tolerance in crop plants, such as the use of a Zostera marina salt tolerance gene in transgenic Oryza sativa research (Zhao et al., 2013) . Other studies aim to understand the effect of climate change on seagrass, following major declines reported worldwide . Seagrass meadows are valuable ecosystems functioning as carbon sinks for long-term carbon storage (Fourqurean et al., 2012) . Seagrass growth is predicted to change in an elevated CO 2 environment (Alexandre et al., 2012; Ow et al., 2015) , and gene expression (Winters et al., 2011) and transcriptomic responses have been assessed under simulated heatwaves (Franssen et al., 2014) and growth under light limitation (Ralph et al., 2007) in an attempt to predict the response of seagrass to climate change.
The genetic mechanisms underlying the marine adaptation of seagrass lineages remain a fundamental question. EST libraries of two seagrass species, Posidonia oceanica and Z. marina, revealed three functional groups of positively selected genes, including those encoding glycolysis enzymes, ribosomal genes, and photosynthesis genes (Wissler et al., 2011) . In a separate study, ortholog groups of the Z. marina transcriptome were found to be more similar to the land plant O. sativa than the seaweed Porphyra yezoensis (Kong et al., 2014) .
A comparative genomics approach was applied to characterize gene conservation and loss in seagrass in comparison with four terrestrial plants and one aquatic plant using unassembled whole-genome shotgun sequence data of Zostera muelleri (Golicz et al., 2015) . Genes associated with ethylene synthesis and signaling pathways were found to be lost, suggesting that seagrasses have evolved to survive and grow without this important plant hormone, and this loss was confirmed recently in the genome assembly of Z. marina (Olsen et al., 2016) . When compared with Spirodela polyrhiza, the giant duckweed, genes for stomatal differentiation, terpenoid synthesis, and UV light resistance also were lost in both Z. muelleri and Z. marina, while genes for salinity tolerance and stress resistance were conserved.
Here, we describe the assembly and characterization of the Z. muelleri genome, a southern hemisphere temperate to subtropical seagrass species, focusing on seagrass evolution and the mechanisms of adaptation to the marine environment. Specifically, genome comparisons of Z. muelleri with terrestrial plants and aquatic floating plants revealed the loss or modification of genes involved in multiple biological processes, including the hormone response and pectin catabolism. Whole-genome duplication (WGD) analysis of Z. muelleri has refined the phylogenetic timing of an ancient pan-commelinid WGD event, Tau, and suggested at least one species-specific genome duplication that is not shared by another Zostera spp. Together, these results shed light on the response of seagrass to multiple stressors during the evolutionary process.
RESULTS AND DISCUSSION
A whole-genome shotgun sequencing strategy was applied to the southern hemisphere temperate seagrass species Z. muelleri ssp. capricorni to produce a 632-Mb draft assembly represented by 56,823 scaffolds (Table I) .
The genome size of Z. muelleri has not been measured previously. However, micrographs showed a chromosome number of 2n = 24 (Kuo, 2001) . A frequency plot of 17-mers from Z. muelleri sequence reads estimates the genome size to be 889 Mb (Fig. 1) , implying that 71% of the genome was assembled. A minor peak at 75 represents duplicated sequences in the genome, possibly gained through a WGD event, while a small peak at 18 suggests relatively low heterozygosity.
Over 80% of the assembly is represented by 12,904 scaffolds. The scaffold N50 length is 36,732 bp, and the length of the largest scaffold is 303,880 bp. The quality of the draft assembly was evaluated using the CEGMA (Core Eukaryotic Genes Mapping Approach; Parra et al., 2007) and BUSCO (Benchmarking Universal Single-Copy Orthologs; Simão et al., 2015) data sets (Table II) . Eighty-one percent of core eukaryotic genes and 77% of plant BUSCOs searched were detected in the Z. muelleri scaffolds. While this metric measures the completeness of genic regions, it also is affected by the degree of conservation of the orthologous data sets, particularly in organisms that are distantly related from model species and the assembly level (contigs/scaffolds/chromosomes) of the draft genome. To account for these factors and also the lack of published BUSCO results for plant species, the assemblies of six other species were searched using the BUSCO data set (Fig. 2) .
The assemblies of Musa acuminata (3% BUSCOs missing), Brassica napus (3% BUSCOs missing), and Arabidopsis (2% BUSCOs missing) at the chromosome level served as well-assembled standards. In order to address the 17% missing BUSCOs in the Z. muelleri assembly, Z. marina and the contigs of Amborella trichopoda, instead of the scaffolds, were analyzed, to control for the degree of conservation of BUSCO orthologs and the comparability of assembly statistics. Since the A. trichopoda contigs have 76% complete BUSCOs, whereas the scaffolds have 93% (data not shown), it is highly likely that the amount of missing BUSCOs in Z. muelleri is due to the level of assembly. Interestingly, the number of duplicated BUSCOs detected in Z. muelleri is more than double that in Z. marina. A total of 63.7% of CEGMA genes also were duplicated in Z. muelleri. To elucidate whether this indicates a highly erroneous assembly (Simão et al., 2015) or the occurrence of genome duplications, two species that recently underwent WGD were included for comparison. The B. napus genome is highly multiplied due to allopolyploidy (Chalhoub et al., 2014) and triplication around 13 to 17 million years ago (Mya; Yang et al., 1999; Town et al., 2006) . As expected, 90% of BUSCOs are duplicated in B. napus. Similarly, in Linum usitatissimum, which was duplicated 5 to 9 Mya (Wang et al., 2012) , 69% of BUSCOs are duplicated. In contrast, the A. trichopoda genome, which only retains evidence from the ancient epsilon WGD (Amborella Genome Project, 2013) , has 8% duplicated BUSCOs. The presence of three lineage-specific WGDs in M. acuminata dated at From these results, two conclusions are drawn: (1) the single-copy orthology status of the BUSCO plant data set is valid in genomes with no recent duplications or chromosomal doubling; and (2) Z. muelleri possibly underwent at least one recent large-scale genome duplication or is the result of recent hybridization between Zostera spp., causing the duplication of gene content.
The Tau WGD, an ancient pan-commelinid WGD (Jiao et al., 2014) , identified in most of the sequenced genomes in the monocotyledon lineage including grasses, M. acuminata, and date palm (Phoenix dactylifera; International Brachypodium Initiative, 2010; D 'Hont et al., 2012; Al-Mssallem et al., 2013) , appears to be absent from Z. muelleri. Tau potentially echoes the pancore eudicot Gamma event, but the exact timing of these duplications needs refinement (Jiao et al., 2014) . Tau was estimated to occur 150 Mya, coinciding with the origin of monocots (Bremer et al., 2009) , whereas the split of Alismatales from monocots occurred 130 Mya, based on analysis of the chloroplast gene rbcL (Janssen and Bremer, 2004) . Phylogenetic analysis shows the absence of Tau in Z. muelleri and another member of Alismatales, S. polyrhiza, the giant duckweed ( Fig. 3 ; Supplemental Figs. S1 and S2), consistent with recent observations (Ming et al., 2015) . These results support that Tau occurred after the divergence of the Alismatales from the main monocot lineage, consistent with a previous study, and that the existing age estimation needs to be investigated further. The presence of the Tau event in Z. marina has been suggested ( Fig. 2 ; Olsen et al., 2016) , but supporting evidence was not provided. Multiple Zostera spp. independent WGD events also were detected ( Fig. 3 ; Supplemental Figs. S1 and S2). However, since the Z. marina genome was not available at the time of this analysis, the Z. muelleri-specific duplication as observed in BUSCO results is not demonstrated in the phylogenetic trees. De novo and homology-based repeat prediction using RepBase (version 18.06) identified 339 Mb (56%) of repetitive sequence in the assembly (Supplemental Table S1 ). Consistent with other sequenced plant species, long terminal repeat (LTR) retrotransposons (22%) are more abundant than non-LTR retrotransposons (3%) and DNA transposons (7%). The frequency ratio of the LTR retrotransposon superfamilies Gypsy/Copia is 2.1, comparable to the seagrasses P. oceanica and Z. marina, which were recently reported as 1.8 (Barghini et al., 2015) and 1.7 (Olsen et al., 2016) .
A total of 35,875 protein-coding genes were predicted, with average gene length of 3,154 bp, coding sequence length of 984 bp, and 5.7 exons (Table III) . A cumulative distribution function curve of the annotation edit distance (AED) scores of all Z. muelleri genes shows that more than 85% of annotations are supported by homology-based or transcript evidence (AED , 1; Supplemental Fig. S3 ). AED measures the fit of each annotation to its supporting evidence in the MAKER pipeline (Yandell and Ence, 2012) . The sharp increase of annotations from AED 0.9 to 1 observed in the cumulative distribution function curve represents 4,781 ab initio predictions with no supporting evidence. These de novo predictions are retained in the gene set, since the amount of seagrass data (transcripts and proteins) provided is relatively low compared with well-studied plant families and, therefore, might not sufficiently support all true Z. muelleri genes. The comparison between Z. marina and Z. muelleri annotations supports this hypothesis, where 975 of the ab initio Z. muelleri genes are orthologous with Z. marina genes. A total of 30,135 (95%) genes had identity to sequences in the Swiss-Prot, TrEMBL, and InterProScan databases, while 5,740 remain unannotated (Table IV) . A total of 81% (4,655) of the unannotated genes are supported by transcript evidence, with high-confidence AED scores (AED # 0.5).
Based on previous phylogeny studies, Z. marina and Z. muelleri belong to different clades that diverged around 14 Mya (Coyer et al., 2013) . With a genome size that is 70% smaller, Z. marina has fewer genes (20,450; Olsen et al., 2016) . They shared 11,623 gene families (Supplemental Fig. S4 ) comprising 20,103 Z. muelleri and 14,915 Z. marina genes, suggesting the presence of expanded gene families in Z. muelleri. Among the shared families are housekeeping genes, such as DNA replication repair genes (GO:0006281 and GO:000724), and genes identified as gained in Z. marina (Olsen et al., 2016) , such as those involved in metal ion binding (GO:0046872 and GO:0008270) and peptidase activity (GO:0008233 and GO:0008236). Reciprocal BLAST methods show that around 52% of these shared Z. marina genes have two copies in Z. muelleri (Supplemental Fig.  S5 ). K-mer frequency comparison of the coding sequences of 1,944 randomly selected orthologous pairs also revealed a copy number ratio of 1:1.6. The rate of substitutions per synonymous sites (Ks) of paralogous pairs in Z. muelleri and Z. marina further suggested a species-specific WGD event. Excluding small-scale background duplications, two significant components were demonstrated in Z. muelleri paralogous pairs (Supplemental Fig. S6 ), whereas three were found in Z. marina pairs (Supplemental Fig. S7 ). The peak at 0.17 (red in Supplemental Fig. S6 ), which was absent in Z. marina, was identified as a potential extra WGD event in Z. muelleri that occurred at 5.7 to 10.5 Mya, based on assumptions of synonymous mutation rate per base (Koch et al., 2000; Lynch and Conery, 2000) . The peak shared between two species at 1.1 (gray in Supplemental Fig. S6 and blue in Supplemental Fig. S7 ) suggests that the WGD event at 64 to 72 Mya, as shown in Z. marina previously (Olsen et al., 2016) , is pan lineage. Data from other seagrass species are needed to substantiate this hypothesis. By comparison with the Arabidopsis, M. acuminata, O. sativa, S. polyrhiza, and Z. muelleri genome assemblies, we identified 7,404 gene families, comprising 78,683 genes, common to these five species (Fig. 4) . The number of Z. muelleri-specific gene families is relatively low (2,233) and represents 16% of all Z. muelleri genes. Despite the unique habitat and morphology of seagrasses, these observations suggest that Z. muelleri maintains a similar gene content to the land plant species and that the early divergence and marine adaptation of seagrass did not involve a major increase in the abundance of novel gene families. The large number of O. sativa-specific gene families (2,880) is consistent with previous studies that demonstrate a high level of gene diversification in Poaceae (Goff et al., 2002) . Similarly, a relatively low number of S. polyrhiza-specific gene families have been reported . The large number of gene families (1,131) shared between Arabidopsis, M. acuminata, O. sativa, and S. polyrhiza (AMOS) that are not found in Z. muelleri (Fig. 4) suggests that seagrass may have adapted through the loss of terrestrial plant genes rather than the generation of novel, seagrass-specific genes.
GO enrichment analysis identified 30 GO terms that were significantly overrepresented in the biological process category mapped by 196 of the AMOS families (Table V) . In a separate analysis, 143 of the AMOS families mapped to 85 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Table VI) . These results suggest that genes related to at least five processes (pectin catabolism, hormone response, photosynthesis, heat response, and ribosome) were either lost or modified in seagrass. The complete list of enriched and mapped AMOS genes is included in Supplemental Tables S1 and S2.
The GO identifier that represents ethylene signaling (GO:0010105) was enriched significantly in AMOS families (Table V) . Previous analyses demonstrated the loss of multiple ethylene biosynthesis and signaling genes in Z. muelleri and Z. marina (Golicz et al., 2015; Olsen et al., 2016) . The overrepresentation of gene families encoding 1-aminocyclopropane-1-carboxylic acid synthase, 1-aminocyclopropane-1-carboxylic acid oxidase, ethylene receptors, and ethylene-activated transcription factors in AMOS, and the absence of these genes in seagrass-specific families, support these previous findings. Genes involved in responses to abscisic acid (GO:0009737), GA (GO:0009739), and the hormonemediated signaling pathway (GO:0009755) also are enriched in AMOS families. Four out of five Z. muelleri proteins with sequence similarity to DELLA proteins clustered in Z. muelleri-specific orthologous groups, indicating sequence diversification. DELLA proteins are repressors of the GA signaling pathway, so these changes may be associated with hormone-related cross talk (Davière and Achard, 2016) . Although there is no overrepresentation of genes involved in the jasmonate pathway in AMOS, closer examination reveals the loss of genes encoding jasmonate methyltransferase (JMT) in the predicted gene sets of both Z. muelleri and Z. marina. JMT is an enzyme that converts jasmonic acid (JA) to one of its derivatives, methyl jasmonate (MeJA), which is released as a volatile compound. This loss is further confirmed by the absence of sequences with similarity to plant JMT in the RNA sequencing (RNA-seq) data of Z. muelleri. JMT also is absent in transcript and EST collections for other seagrass species, P. oceania and Zostera noltii. However, key genes for jasmonate biosynthesis (AOS1, AOC, LOXs, OPR3, and JAR1) and signaling (COI1, JAZs, MYCs, and NINJA), and also MeJA esterase, which hydrolyzes MeJA back to JA, are all present in the Z. muelleri and Z. marina gene sets. Further studies are required to understand the feedback regulation of JA synthesis in the absence of MeJA. Hormone signaling acts as a central regulator of plant responses to environmental stresses. For example, cross-talk between members of the ethylene and jasmonate pathways during the activation of plant defense responses had been shown in several studies (Lorenzo et al., 2003; Onkokesung et al., 2010; Song et al., 2014) . With the loss of genes for ethylene production and perception in seagrasses and possible modification of GA and jasmonate signaling pathways, seagrasses provide an interesting model in which to test hypotheses about the roles and interactions of these hormone signaling pathways.
Seagrass pectin is known to contain a rare class of pectin homogalacturonan that is apiose substituted (AGA; Ovodov et al., 1971) , and this AGA is also found in the floating plant duckweed (Hart and Kindel, 1970) . Seagrass AGA, known as zosterin, has a low level of methyl esterification (Khotimchenko et al., 2012) . Cell wall modification (GO:0042545) and pectin catabolic Glycerolipid metabolism 3 ath00010
Glycolysis/gluconeogenesis 3 ath00260
Gly, Ser, and Thr metabolism 2 ath04122
Sulfur relay system 2 ath00052
Gal metabolism 2 ath00790
Folate biosynthesis 2 ath04712
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Amino sugar and nucleotide sugar metabolism 2 ath00410 b-Ala metabolism 2 ath00480
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Trp metabolism 2 ath00860
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Glycerophospholipid metabolism 2 ath04120
Ubiquitin-mediated proteolysis 2 ath00670
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Glycosaminoglycan degradation 1 ath00230
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Peroxisome metabolism 1 ath00062
Fatty acid elongation 1 ath00590
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Zeatin biosynthesis 1 (Table continues on following page.) process (GO:0045490) are the top two enriched GO terms in AMOS. Sequence alignments and motif finding identified 135 predicted seagrass proteins containing pectin methylesterase (PME)-related domains. Nearly half of these remain in seagrass-specific families and do not cluster with PME genes from the four terrestrial plant species. This suggests that the methylesterification level of pectin is tightly controlled in seagrass, possibly to maintain marine osmoregulation. Pectin degradation is partly regulated by ethylene (De Paepe et al., 2004; Onkokesung et al., 2010) , and it is unknown whether the modified pectin in seagrass is associated with the loss of ethylene signaling in seagrass (Golicz et al., 2015) . This expansion of pectin catabolic genes also is observed in Z. marina (Olsen et al., 2016) .
Genes involved in starch catabolic (GO:0005983) and biosynthetic (GO:0019252) processes, which were found previously to be lost or heavily modified in Z. muelleri reads (Golicz et al., 2015) and Z. marina (Olsen et al., 2016) , also were significantly enriched in AMOS families (Table V) . Genes responsible for the biosynthesis of secondary metabolites that were reduced in Z. marina (Olsen et al., 2016) also are found in AMOS (ath01110 ; Table VI ). In addition, eight ribosome-related gene families were highly represented in AMOS (Table VI) , and these also were found to be positively selected in Z. marina and P. oceania ESTs (Wissler et al., 2011) .
CONCLUSION
This study of the Z. muelleri genome highlights modifications of multiple biological processes associated with adaptation to the sea. These findings provide a base for the further investigation of pathways and responsible genes in submerged marine plants: hormonal cross talk and cell wall modification for effective underwater osmoregulation. The absence of the Tau genome duplication in Z. muelleri has further confirmed its phylogenetic placement after the divergence of Alismatales from monocotyledons. The copy number of orthologs between Z. muelleri and another Zostera spp., together with K s value analysis, also suggest a species-specific duplication event dated 5.7 to 10.5 Mya. Further study is needed to determine the age estimation of seagrass divergence in relation to Tau and the phylogenetic timing of duplications in the seagrass lineage. The Z. muelleri genome contains predicted genes that have no sequence similarity to genes from other species. Further analysis of these genes may assist in our understanding of the basal monocot genome and plant adaptation to marine life.
MATERIALS AND METHODS

Genome and RNA-seq Assembly
Whole-genome sequence data of 300 bp insert size are available in the Sequence Read Archive (SRA) (SRR1714574). Following clone removal using the custom Perl script remove_possible_clones.pl and quality-based trimming using Sickle (Joshi and Fass, 2011) , a total of 170,178,513 (89%) paired-end reads were assembled using VelvetOptimizer (Zerbino, 2010) with the following parameters: -s 15 -e 99 -f\-shortPaired -fasta. A total of 79,843 contigs larger than 500 bp were then scaffolded with SSPACE version 2.0 (Boetzer et al., 2011) using 99,002,169 matepaired reads of 2-kb insert size (SRR3398780). The genome size of Zostera muelleri is estimated as (total number of K-mers)/(peak depth). K-mer counting and histogram plotting were performed using Khmer (Pell et al., 2012) .
Z. muelleri (DRA identifier ERP010473) and Zostera marina transcripts were generated by assembling two sources of publicly available RNA-seq data (SRA identifiers SRP035489 and SRP022957) using Trinity (Haas et al., 2013) with default parameters. 
Assessment of Genome Assembly
CEGMA version 2.4 was run on the Z. muelleri genome assembly using default parameters. The early release of the plant data set and the necessary software of the program BUSCO were downloaded upon request to the authors. BUSCO was run on Z. muelleri and seven other genome assemblies (downloaded from Phytozome: Z. marina version 2.1, Amborella trichopoda contigs version 1.0, A. trichopoda scaffolds version 1.0, Linum usitatissimum version 1.0, Brassica napus version 1.4 Darmor-bzh, Musa acuminata version 1, and Arabidopsis [Arabidopsis thaliana] The Arabidopsis Information Resource 10) using default parameters.
WGD Analysis
Eighteen genomes were selected for WGD analysis: seven eudicots (Arabidopsis, Populus trichocarpa, Theobroma cacao, Vitis vinifera, Solanum lycopersicum, Solanum tuberosum, and Nelumbo nucifera), eight monocots (Oryza sativa, Brachypodium distachyon, Sorghum bicolor, Elaeis guineensis, Phoenix dactylifera, M. acuminata, Spirodela polyrhiza, and Z. muelleri), one basal angiosperm (A. trichopoda), one lycophyte (Selaginella moellendorffii), and one moss (Physcomitrella patens). Genome data of all taxa except for Z. muelleri were downloaded from Phytozome (version 6) or the respective project Web sites. Orthogroups classification and phylogenomic timing analysis were performed based on a published approach (Jiao et al., 2011 (Jiao et al., , 2014 .
Z. muelleri genes were used as queries to align against Z. marina genes using the following parameters: blastp -evalue 0.00001 -max_target_seqs 1. The number of query genes per target hit was calculated and plotted in a histogram. The 17-mer frequencies of 1,944 randomly selected orthologous pairs between the two species were analyzed based on a published approach (Vu et al., 2015) .
K s analysis was performed according to a previous approach (Cui et al., 2006) . Paralogous pairs of sequences in Z. muelleri and Z. marina were identified from best reciprocal matches in all-by-all BLAST searches. The EMMIX software was used to fit a mixture model of multivariate normal components to a given data set. The mixed populations were modeled with one to four components.
Gene Prediction and Functional Annotation
A combination of ab initio, evidence-driven, and homology-based annotation methods was used in the MAKER (version 2.31.8) pipeline (Holt and Yandell, 2011) . The transposable elements file within the MAKER package, repeats of organisms under the lineage Liliopsida in RepBase, and a Z. muelleri-specific repeat library were provided for repeat masking. RepeatModeler (Smit and Hubley, 2008) , which employs two repeat-finding programs, RECON (Bao and Eddy, 2002) and RepeatScout (Price et al., 2005) , was used to identify de novo repeat families and build a species-specific repeat library. Augustus (Stanke and Waack, 2003) and SNAP (Korf, 2004) were trained using a set of 232 core eukaryotic genes (core eukaryotic genes from CEGMA) and assembled Z. muelleri transcripts, respectively. Three sets of evidence were used to assist the annotation process: assembled Z. muelleri transcripts, assembled Z. marina transcripts from five libraries of published data (Franssen et al., 2014; Kong et al., 2014) , and Z. marina ESTs from the publicly available database Dr. Zompo (version 2.0; Wissler et al., 2009) . Predicted protein sequences for B. distachyon and M. acuminata were downloaded from Ensembl (release 26) for homologybased annotations. A two-pass MAKER run was performed where the predicted genes from the first MAKER run were used to retrain Augustus and SNAP. Results of the second MAKER run were obtained and evaluated with AED scores and functional annotation.
Predicted proteins were compared with TIGRFAM, ProDom, Panther, PfamA, PrositeProfile, and PrositePatterns using InterProScan (version 5.3; Jones et al., 2014) for motif and domain annotation. A total of 201 proteins containing transposase and reverse transcriptase-associated domain signatures were removed from the gene set. Gene functions were annotated from the best match alignments of predicted genes to Swiss-Prot and TrEMBL plant proteins (release 2015_05) using BLASTX (BLAST+ version 2.28; Camacho et al., 2009 ) with the parameters blastx -evalue 0.00001 -max_target_seqs 1 and further filtered with 40% or greater identical matches and 60% or greater subject sequence covered.
To identify gene family groups between Z. muelleri and terrestrial plants, we downloaded predicted protein sequences for Arabidopsis (Phytozome version 10: Athaliana_167_TAIR10), O. sativa (Phytozome version 10: Osativa_204_v7.0), M. acuminata (Ensembl Genomes: Musa_acuminata.MA1.22), and S. polyrhiza (SpirodelaBase: http://tinyurl.com/lsz3992) and compared them all against all using BLASTP with the parameters blastp -evalue 0.00001 and OrthoMCL (Li et al., 2003) . The Venn diagram was plotted using the R package gplots (Warnes et al., 2012) and colored using Adobe Photoshop software.
The same method as above was used to identify gene family groups between Z. muelleri and Z. marina (Zosma_marina version 2.1).
GO Enrichment and KEGG Pathway Analysis
GO annotation and enrichment were performed on 1,131 Arabidopsis orthologs, each representing one AMOS gene family, based on previous approach (Golicz et al., 2015) with the Arabidopsis whole proteome (2010-09-TAIR10) as background. The Arabidopsis orthologs also were mapped to KEGG pathways (Kanehisa and Goto, 2000) using the KEGG Mapper Web interface (http://www.kegg.jp/kegg/tool/map_pathway2.html).
Accession Numbers
Accession numbers are as follows: SRA identifier SRR1714574, Z. muelleri whole-genome sequence paired-end library; SRA identifier SRR3398780, Z. muelleri whole-genome sequence mate-paired library; DRA identifier ERP010473, Z. muelleri RNA-seq data; SRA identifiers SRP035489 and SRP022957, Z. marina RNA-seq data. The assembled genome, annotation, and OrthoMCL groups can be downloaded at http://appliedbioinformatics.com. au/index.php/Seagrass_Zmu_Genome.
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